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Abstract. The common - arguably ubiquitous - large-scale variability of optical and 
UV lines profiles of hot, massive stars is widely interpreted as the direct consequence of 
structured, variable winds. Many of the variability phenomena are observed to recur on 
timescales compatible with stellar rotation, suggesting a picture in which perturbations 
at the base of the wind - carried into view by stellar rotation - produce large-scale 
outward-propagating density structures. Magnetic fields have been repeatedly proposed 
to be at the root of these phenomena, although evidence supporting this view remains 
tenuous. In this review I discuss the evidence for large-scale structures in the winds 
of O-type stars, the relationship between the observed recurrence timescales and the 
expected stellar rotational periods, the magnetic and variability properties of known 
magnetic O-type stars, and their implications for understanding wind variability of the 
broader population. 



1. Rotation and large-scale wind variability of O-type stars 

Spectroscopic surveys, primarily in the ultraviolet (UV), have demonstrated that the 
line profiles of essentially all O-type stars exhibit a variety of phenomena (narrow ab- 
sorption components [NACs], discrete absorption compo nents [DACsl, p eriodic ab- 
sorption modulations [PAMs], blue edge variability; see iFullertonl (1201 lh ) that have 
been widely interpreted as diagnostic of large-scale structures in their stellar winds. 
As the most prominent feature of the wind variability of O-type stars, the DAC phe- 



nomenon in particular (see Fig. [J) has dr iven a broader discussi on of the interpretation 
of wind-line variations (e.g. iKaper et al.l(fl997h . lFullerton et al~ DACs are nar- 



row, localized optical depth enhancements observed to accelerate slowly (compared to 
the expectations based on the mean flow of the wind) through the absorption trough 
of saturated UV absorption lines. A particularly important characteristic of the DAC 
phenomenon is thei r recurrence o n timescales (-days) similar to the estimated stellar 
rotation period (e.g. iPrinjal (Il988h ). Although DACs are always present in multi-epoch 
observations of the same star and the pattern of variability is always similar, the vari- 
ations do not seem to maintain a constant phase relationship over intervals of several 
months. Multi-wavelength observations of a number of OB stars have shown that the 
cyclical behaviour revealed by DACs is present in vari ous forms in different diagnostics 
probing the wind down to the surface of the star (e.g. Ide Jong et all (l200ll) . lKaper et all 
41997D). 



Owocki et al. (119951) andlc ranmer & Owockil d 19961) quantitatively explained this 



behaviour in terms azimuthally extended structures present in the stellar wind, gener- 
ated as a consequence of perturbations at the level of the photosphere. These co-rotating 
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Figure 1. Cyclical variability of O-type stars: the DAC phenomeno n. Left - Dis- 
crete absorption components in the wind of the O supergiant £ Pup dMassa et al.l 
119951). Right - S chematic illustration of CIRs in the wind of a rotating star 
(iFullerton et dill 9971) . 



interaction regions (or CIRs; first proposed by iMullanl d 19841) ) provide a natural expla- 
nation for essentially all the properties of cyclical wind variability. 

While the CIR interpretation of wind-line variations is widely accepted, the funda- 
mental outstanding question that remains is that of the orig in of the responsible pertur- 
bations at the photospheric level. The culprits proposed by lCranmer & Owockil £1996), 
and those most often discussed in the literature, are non-radial pulsations and magnetic 
fields. 

Of particular interest in the context of this meeting is the cyclical behaviour of 
Wolf-Rayet stars. The prototypical example of a cyclically variable WR star is EZ 
CMa (WR6), a WN4 star which has persistently demonstrated variability with a 3.77 d 
period. Binarity has been proposed as a potential explanation, although optical, X- 
ray and radio observations have consistently concluded that CIR-type structures in a 
perturbed wind pro vide a better and m ore coherent explanation of th e observations (see 
e.g. d iscussion by iMorel et all (Il997t) ). ISt-Louis et all (l2009h and IChene & St-Louis 
(|201 ll) recently published a comprehensive review of WR star variability, examining 
the optical spectral variability properties of 64 objects. They concluded that large- 
scale wind variability is a common, but not a ubiquitous, phenomenon amongst WR 
stars. A significant fraction of their sample display large-scale variations potentially 
ascribable to CIR-type structures in the stellar wind, while the remainder show small- 
scale variations or no variability at all. 

In the remainder of this paper we explore the idea of magnetic fields as the origin 
of cyclical wind variability in O-type stars, including WR stars, in light of the most 
recent observational and theoretical constraints. 



2. Magnetic wind confinement: basic principles 



As reviewed by Petit et al. (these proceedings), the global competition between the out- 
flowing stellar wind (with mass-loss rate M and terminal velocity Voo) and a large-scale 
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magnetic field (of intensity B at the stellar surface of radius R) can be quantitatively 

d2d2 

characterized by the magnetic wind confinement parameter 77* = As demon- 

strated by e.g. lud-Doula & Owockil d2002h . in regions farther from the star where the 
wind dominates the interaction, the magnetic field lines are "stretched out" to follow 
the more-or-less radial wind streamlines. On the other hand, closer to the star where 
the magnetic field is capable of significantly influencing the wind flow, wind plasma is 
channeled along closed field lines. For a dipolar magnetic field, this generates a region 
of characteristic radius Rah — r]¥ 4 , known as the magnetosphere. The characteristics of 
the wind flow and related phenomena in the magnetosphere are a strong function of the 
geometry of the magnetic field. For example, in the case of a dipole, wind flows from 
opposite magnetic hemispheres are expected to be accelerated along closed field lines 
and to collide at the magnetic equator, generating a strong shock. The hot (10 6-8 K) 
plasma produced by this interaction is predicted (and often observed) to emit strongly 
in both soft and hard X -rays. This is essentially th e magnetically-confined wind shock 



paradigm described by Babel & Montmerle ( 1997). 



As described by lUd-Doula et all d2009), the extended lever arm provided by the 
magnetic field will also result in enhanced shedding of stellar rotational angular mo- 
mentum via the wind. In the case of a rotation-aligned magnetic dipole, they find the 

characteristic spindown timescale r sp i n = | ^ where k is the stellar moment of 

inertia (~ 0.1 for O-type stars). For an hypothetical 30 M Q star with a radius of 10 R Q 
and wind parameters M = 10~ 7 M Q /yr and Voo=2500 km/s, a 1 kG magnetic field cor- 
responds to 77* - 75 and r sp jn 5 Myr. 

MHD simulations in 2D dOwocki & ud-DouTal 120041) show significantly decreas- 
ing global perturbation of the stellar wind with decreasing confinement. Nevertheless, 
even for 77* as small 0. 1 the latitudinal dependence of the wind density can be as large 
as a few. As a consequence, even for sub-critical rj t , a rotating star with an oblique 
magnetic field may still show evidence of the presence of the field through (weak) pe- 
riodic modulation of its wind. (For example, the hypothetical 30 M Q star considered 
above would require a surface magnetic field of about 40 G for 77* - 0.1.) Therefore, in 
principle even rather weak magnetic fields are potential candidates for generating the 
phenomena described in the preceding section. 



3. Magnetic and variability properties of known magnetic O-type stars 



Only five O-type stars have been confirme d to host magnetic fi elds: the ZAMS 07V star 
e l Ori C=HD 37022 dPonati et all d2002 l). IWade et all (l2006h). the more e volved Of?p 
stars H P 108 (Ma rtins et all d2010h). HP 1489 3 7 (dHubrig et all 1201 lbh . IWade et al. 



(20091). iGrunhut et all OOllh ). In addi 



d2011ah ). and HP 191612 dPonati et all (l2006h. IWade et all d2011bh). an d the weak- 



wind 09V star HP 57682 dGrunhut et al. 
tion, a small number of other O-type stars have been tentatively reported to be mag- 
netic in the moder n literature (HP 3687 9, HP 152408, HP 164794, HP 155806: 



Hubris et al 



Hubrig et al 



(2008); HP 37742=^ Ori A: iBouret et all d2008l) : HP 155125- f Oph: 
d2011al) ). These stars have either been found through independent obser- 
vation a nd/or analysis to be no n-magnetic (HP 36879, HP 152408, HP 164794, HP 
155806; iFullerton et all d2011 ). Bagnulo et al. 2011), or have yet to be independently 
re-observed or re-analysed (HP 37742, HP 155125). These small numbers represent 
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Figure 2. Le/f - Dynamic spectrum of the Ha profile variations of the magnetic 
Of?p star HD 191612 (e.g. Sundqvist et al. 201 1, submitted). Right - Phased varia- 
tions of the longitudinal magnetic field (upper frame), the Ha equivalent width (mid- 
dle frame) and the // p -band photometric brightness (lower frame). The Ha equiva- 
lent w idth measurements have been acquired over more than 21 years dWade et alJ 

HoTTbh . 



both a reflection of the rarity of O-type stars with detectable magnetic fields, and the 
challenge of detecting such fields when present. 

Three of the 5 known magnetic O stars belong to the Of?p class: early-type O 
stars exhibiting recurrent, and apparently periodic, spectral variations (in Balmer, He 1, 
C m and Si m lines), narrow P Cygni or emission components in the Balmer lines and 
He 1 lines, and UV wind lines weaker than those of typical Of supergiants. HD 191612 
and HD 108 exhibit strong variability, whereas HD 148937 varies by only weakly. The 
variability periods range over sever al orders of magn i tude: whereas the p eriod of HD 
148937 is approximately one week dNaze et al. ( 20081). IWade et al.1 (12011a!)). the period 



of HD 191612 is about 1.5 years (IHowarth et all (120071). [ Wade et all (1201 lbl) ). while 



(120071 

that of HD 108 is speculated to be of order 50 years dNaze et alj|2001l) . The young star 
9 l Ori C shows variability charact eristics and amplit u de similar to the O f?p stars, with 
a period of just over 2 weeks (e.g. IStahl et all (ll996l) . IStahl et all (120081) ). The spectral 
variability of the cooler 09V star HD 57682 is somewhat different, exhibiting signif- 
icant variability of Balmer lines, He 11 in absorption and emission, He 1 in absorption 
and emission, as well as l ight elements in ab sorption (e.g. CNO, Mg, Si), all with a 
period of about 2 months dGrunhut et aLlfeOllI) . 

Excluding HD 1083, each of these stars has been confidently attributed a single 
variability period that is stable in duration and phase on long timescales. Recent obser- 
vations and modelling have demonstrated that the variability properties each of these 
stars can be acceptably understood as magnetic confinement of the stellar wind, within 
the context of the oblique rotator model (ORM). In this scenario, a large-scale mag- 
netic field (roughly a dipole) is frozen into the stellar plasma, and tilted relative to the 



'HD 108 is excluded from this statement because, due to its very long variation period, it is currently not 
feasible to usefully test the the application of the ORM. However, none of the observations currently in 
hand suggest any incompatibility with the model. 
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stellar rotation axis. Wind plasma is channelled and structured by the magnetic field 
above the stellar surface. As the star rotates, observable quantities (e.g. the line-of-sight 
component of the magnetic field, stellar brightness, absorption and emission lines) are 
modulated according to the rotational period. 

As illustrated in Fig. [2]for HD 191612, the Ha variability exhibits a clear phase 
relationship with the variation of the longitudinal magnetic field. This is interpreted 
as the result of variable projection of an overdensity of wind plasma, at least partially 
optically thick, confined by closed field loops in the magnetic equatorial plane (e.g. 
Sundqvist et al. 2011, submitted). The long-term period and phase stability of the 
variations implies that the underlying origin of the wind structure - the magnetic field - 
is similarly stable. 

The physical, wind and magnetic properties of the magnetic O stars are summa- 
rized in Table |3] Values of 77* for these objects range from a few (8 1 Ori C), to a fews 
tens (HD 108, 148937, 191612) to more than 10 4 (HD 57682). Due primarily to un- 
certainties in the radii and wind parameters of these stars, 77* is typically uncertain by 
roughly one order of magnitude. Spindown times are between 0.5 and 2 Myr except 
in the case of HD 57682, which is about 10 times longer (due primarily to its low 
M). Spindown timescales are less sensitive to the stellar parameters, and have typical 
uncertainties of roughly a factor of 3. 

In summary, the common properties of all known magnetic O stars are variability 
with a single, well defined period, consistent phasing of variable quantities over long 
timescales (years), and slow rotation. 
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Table 1. Properties of confirmed magnetic O-type stars. Effective temperature 
r e ff, evolutionary mass M ev , and radius R from Martins et al. (201 1) . Wind proper- 
ties, periods and magnetic (d i pole) strengths fromlDonati et al. ( 20021). Grunhut et alj 
d2009h . iMartins et all (12010) . iWade etafl (1201 lah and lWade et all (1201 lfj) . Calcula- 
tion of the spindown time assumes k = 0.1. 



4. EZ CMa: A case study 



In the context of an exploration of the potential of magnetic wind confinement as the 
origin of wind modulation of massive stars, the WR star EZ CMa (WR6) represents a 
particularly interesting case study. This star has been consistently ob served to exhib it 
photometric and spectros c opic variability with a ~ 3.77 d period (e.g. McLeanl d 19801). 
Lamontag ne et all (| 19861). iRobert et all (1 19921) . lAntokhin etlti] (1 19941) . ISt-Louis et all 
dl995l) . lMorel et all (Il997h ). However, the detailed nature of the variability (both mor- 
phology and phase) differs from season to season, and its origin remains a matter of 
some debate. 
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To investigate the hypothesis of a magnetically structured and modulated wind as 
the origin of the variability of EZ CMa, we can compute the magnetic field strength 
required to produce various values of the wind confinement parameter 77*. We assume 
physical parameters f or EZ CMa of M = 1 0~ 4 6 M Q /yr, Voo = 1700 km/s and R = 2.8 R Q 
dHarries etall dl999l) . lMorris et all (T2004)). For 77* = 0.1, a magnetic field of intensity 
B = 1.6 kG is required. For 77* = 1, B = 5 kG, while for 77* = 100, B = 50 kG. Due to 
its enormous mass-loss rate, even relatively small values of 77* require large magnetic 
field strengths. This characteristic is generally true of WR stars. 

Recent results constraining the magnetic field of EZ CMa are presented by de la 
Chevrotiere et al. in these proceedings. These authors analyzed high-precision circular 
polarization spectroscopy of EZ CMa obtained over 4 nights (i.e. approximately the 
3.77 d period). Modeling the He 11 /14686 line using the model of iGayley & Ignace 
(2010), they derived an upper limit of 300 G on the magnetic field at the surface of the 
hydrostatic core. This upper limit implies a very small value of 77* < 3.4 x 10~ 3 . Given 
the results of MHD simulations, it seems unlikely that such a feeble confinement of the 
wind is able to generate the rather strong observed modulation. Although the mass of 
EZ CMa remains uncertain, we can compute the spindown time for de la Chevrotiere 
et al.'s upper l i mit o n the magnetic field using the mass derived spectroscopically by 
Hamann et all ( 20061) (19 M Q ). We obtain T sp ; n > 2 Myr, although adopting a mass 



more consistent with those derived for WR stars in binary systems (~ 10 M G ) yields an 
even shorter r sp i n > 1 Myr. Therefore, in the scenario in which the 3.77 d period is the 
stellar rotational period and the modulation is magnetic in nature, the relatively short 
period may be difficult to reconcile with these calculations and the longer periods of all 
known magnetic O stars. 



5. Magnetic fields as the origin of DACs 



Observational tests of the proposal that magnetic field s are at the origin of DACs have 



been c arried out by various authors, including de Jong et al. (2001) Per). ISchnerr et al. 
(120081) (a sample of 25 O and B stars), and lHenrichs et al. (120091) (£ Per again). These 
studies have sought direct evidence of magnetic fields through spectropolarimetric ob- 
servations, and ha ve achieved l o ngit udinal magnetic field error bars of order 10-100 
G. The survey by ISchnerr et al.1 ( 20081) used the MuSiCoS spectropolarimeter, a less- 
sensitive predecessor to the current generatio n of instruments. No magn etic fields were 
detect ed. The studies of lde Jong et al.l(l200ll) (also using MuSiCoS) and Henrich s et al. 



(2009) (using the newer Narval spectropolarimeter) focused on the 07.5111 star £ Per. 
For this star, 77* = 1 corresponds to a photospheric field of about 350 G (yielding a peak 
longitudinal field of about 100 G for a dipolar field), while 77* = 0.1 corresponds to a 
photospheric field strength of about 100 G (peak longitudinal field of about 30 G for 
a dipole). The nightly (lcr) error bars achieved in these studies (~ 80 G and ~ 30 G, 
respectively) demonstrate that the new generation of instrumentation is allowing us to 
approach the precision needed to usefully test the magnetic hypothesis, at least under 
restrictive assumptions about the magnetic topology. 
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6. Conclusions 



Magnetic fields have been repeatedly proposed as a potential origin for large-scale wind 
variability observed in O-type stars, including WR stars. Recent MHD simulations 
demonstrate that a magnetic wind confinement parameter n t as small as 0.1 is capa- 
ble of producing detectable large-scale periodic modulation of the stellar wind. These 
same simulations indicate that the "clockwork", phase-locked nature of the modulation 
- observed in known magnetic O stars over many orders of magnitude of n t - is not 
expected to disappear for 77* < 1 . Therefore, if magnetic confinement is at the origin of 
wind variability of the broader population of O stars, it seems reasonable to conclude 
that the character of the magnetic field must be different from the fields of known mag- 
netic O stars. In particular, the lack of phase coherence on long timescales suggests 
that the field structure may evolve relatively quickly with time. The large-scale nature 
of the wind variability argues for a similarly large-scale topology of the magnetic field, 
although there is no a priori reason to believe that topology must be dipolar. This has 
implications for the precision required to detect such fields. 

Of course, other proposals exist that remain potentially valid explanations of large- 
scale wind variability. Non-radial pulsations (NRPs) o f O stars have t imescales gener- 
ally much shorter than the DAC recurrence timescales (lHenrichslll999h . and it has often 
been claimed for this reason that they are unlikely to be the main cause of DACs. How- 
ever, |L^eT&^lo^m^ (2008|) showed that retrograde NRP can lead to recurrence times 
that are substantially longer than the pulsation period, and even the rotation period of 
the star. It is therefore possible that the interplay between the pattern speed of multi- 
mode NRP and the rotation of the star are able to produce variability on the observed 
timescales, and furthermore prevent DACs from being phase-locked over l ong intervals 
(even though the patterns are similar in multi-epoch observations; see, e.g jKaper et al.1 
( 1999 )). And evide nce exists that some DAC st ars exhibit non-radial pulsat ions (e.g. 



de Jong et al. ( 1999)), as do some WR stars (e.g. Hen ault-Brunet et al.l (120111) ). 
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